Germinating conidiospores of Neurospora crassa that were exposed to 45°C, a temperature that induces a heat shock response, were protected from injury caused by freezing in liquid nitrogen and subsequent thawing at 0°C. Whereas up to 90% of the control spores were killed by this freezing and slow thawing, a prior heat shock increased cell survival four-to fivefold. Survival was determined by three assays: the extent of spore germination in liquid medium, the number of colonies that grew on solid medium, and dry-weight accumulation during exponential growth in liquid culture. The heat shock-induced protection against freezing injury was transient. Spores transferred to normal growth temperature after exposure to heat shock and before freezing lost the heat shock-induced protection within 30 min. Spores subjected to freezing and thawing stress synthesized small amounts of the heat shock proteins that are synthesized in large quantities by cells exposed to 45C. Pulse-labeling studies demonstrated that neither chilling the spores to 10°C or 0°C in the absence of freezing nor warming the spores from 0°C to 30C induced heat shock protein synthesis. The presence of the protein synthesis inhibitor cycloheximide during spore exposure to 45°C did not abolish the protection against freezing injury induced by heat shock. Treatment of the cells with cyclohexiniide before freezing, without exposure to heat shock, itself increased spore survival.
Germinating conidiospores of Neurospora crassa that were exposed to 45°C, a temperature that induces a heat shock response, were protected from injury caused by freezing in liquid nitrogen and subsequent thawing at 0°C. Whereas up to 90% of the control spores were killed by this freezing and slow thawing, a prior heat shock increased cell survival four-to fivefold. Survival was determined by three assays: the extent of spore germination in liquid medium, the number of colonies that grew on solid medium, and dry-weight accumulation during exponential growth in liquid culture. The heat shock-induced protection against freezing injury was transient. Spores transferred to normal growth temperature after exposure to heat shock and before freezing lost the heat shock-induced protection within 30 min. Spores subjected to freezing and thawing stress synthesized small amounts of the heat shock proteins that are synthesized in large quantities by cells exposed to 45C. Pulse-labeling studies demonstrated that neither chilling the spores to 10°C or 0°C in the absence of freezing nor warming the spores from 0°C to 30C induced heat shock protein synthesis. The presence of the protein synthesis inhibitor cycloheximide during spore exposure to 45°C did not abolish the protection against freezing injury induced by heat shock. Treatment of the cells with cyclohexiniide before freezing, without exposure to heat shock, itself increased spore survival.
Diverse organisms show a common response to the stress of a heat shock. When exposed to high temperature, they synthesize large amounts of a characteristic group of proteins that have been evolutionarily conserved (28) . This response has been observed in Drosophila melanogaster (1) , yeast (23, 24) , mammals (7, 16) , chicken cells (12) , plants (13) , bacteria (35) , and filamentous fungi (10, 26, 29) . It has been demonstrated that exposure of cells and tissues to temperatures that induce a heat shock response confers protection against higher, otherwise lethal temperatures (16, 25) . In several instances, protein synthesis has been shown to be required for the development of protection that results from heat shock (19, 22, 26, 36) .
The heat shock proteins may be general stress proteins since their synthesis is induced by conditions other than exposure to high temperature. Ethanol, respiratory poisons, amino acid analogs, and anoxia have all been found to induce the synthesis of heat shock proteins (1, 9, 11, 31) , although the change in protein synthesis is usually less dramatic than that caused by heat shock. It has been reported that administration of arsenite to soybean seedlings induced the synthesis of heat shock proteins and made the seedlings resistant to injury from lethally high temperatures (17) and that prior exposure to ethanol similarly made yeast cells thermotolerant (27) . Conversely, Drosophila larvae that were exposed to heat shock were protected against the toxic effects of anoxia (30) , and heat-treated yeast cells developed an increased tolerance for ethanol (33) . However, it was not demonstrated that these examples of induced crossprotection required protein synthesis.
We have reported (26) that germinating conidiospores of Neurospora crassa, normally incubated at 30°C, synthesize large amounts of heat shock proteins during exposure to 45°C and that exposure to this heat shock temperature protects them from injury at 50°C, which otherwise is lethal. Heat shock protein synthesis appears to be necessary for this protection, since the cells were killed at 50°C if they had been treated with the protein synthesis inhibitor cycloheximide during exposure to 45°C (26) . In the present study, we wished to determine whether the heat shock response protected germinating Neurospora spores against other types of stress and thus functioned as a general type of stress protection. Since germinating fungal spores are very susceptible to freezing injury (15), we examined the effect of a prior heat shock on cellular resistance to damage from rapid freezing and slow thawing, a regimen that produces maximal injury due to intracellular ice formation (15) . We found that a prior heat shock does protect Neurospora cells from low-temperature injury, but this protection does not apparently require the synthesis of heat shock proteins.
MATERIALS AND METHODS
Cell growth, temperature treatments, and viability determination. Conidiospores of N. crassa 74-OR23-1A (Fungal Genetics Stock Center, Arcata, Calif.) were harvested with a paraffinic hydrocarbon (4) to prevent spore hydration and activation, and the spores were stored at -60°C until use. Spores (300 mg) were suspended in 30 ml of minimal medium containing 2% sucrose (32) and incubated at 30°C in a gyratory (150 rpm) water bath. Heat shock treatment was initiated by transfer of the culture to a second gyratory water bath at 45°C. The temperature of the spore suspensions reached the temperature of the second water bath within 5 min after transfer from 30 to 45°C or from 45 to 30°C. A 60-min exposure to 45°C was the heat shock treatment used for all experiments. Cycloheximide was added to spore suspension cultures at a final concentration of 150 ,ug/ml.
Spores were prepared for freezing by transferring a 1-ml portion ( was approximately 130°C/min; from 0 to -30°C it was 225°C/min; and from -30 to -100°C it was 260°C/min. The cells were kept in liquid nitrogen for 10 min and then transferred directly to an ice bath (0°C) to thaw for 1 h. The average thawing rate from -196°C (liquid nitrogen) to -100°C was about 65°C/min; from -100 to -30°C it was 45°C/min; and from -30 to 0°C it was 2°C/min. After thawing, the spore sample (10 mg) was resuspended in 30 ml of minimal medium and incubated in a gyratory water bath at 30°C for viability determinations. Conidiospore survival was determined by the ability of spores to produce germ tubes, by formation of discrete colonies on a sorbose-containing agar medium (5), and by dry-weight accumulation of spore cultures during the early stages of exponential growth. Germination kinetics were determined by counting hourly for 7 h the number of spores (at least 300 spores per sample) that developed germ tubes longer than one spore diameter during incubation at 30°C. Survival of cells was determined by colony formation on a nutrient agar medium containing sorbose as described previously (26) , except that the spore suspensions were diluted 100,000-fold before plating. Dry-weight accumulation was measured after the spores had been resuspended in minimal medium and incubated at 30°C for 10 h.
Radiolabeling techniques and gel electrophoresis. L-
[35S]methionine (specific activity, 1,460 Ci/mmol) was added at a final concentration of 1 ,uCi/ml to 30-ml spore suspensions containing 1 mg spores per ml. The cells were radiolabeled for 30 min at 30 and 45°C, but they were labeled for 2 h at 0 and 10°C. Unlabeled DL-methionine (final concentration of 650 ,uM) was added to the culture medium as a chase 2 min before the radiolabeled spores were collected by filtration onto a 0. Fig. 1 . That the germinating spores remained viable is also indicated by a comparison of the colony counts which show that a heat shock prior to freezing increased cell survival four-to fivefold from about 9 to 40%o of the number of colonies produced by unfrozen spores (Tables 1 and 2 (Fig. 2) . Cells exposed to 30°C do not synthesize detectable amounts of the heat shock proteins (Fig. 2) (A), 10°C (B), 0°C (C), 45°C (D), 30°C followed by rapid freezing and slow thawing (E), 30°C after rapid freezing and slow thawing (F), and 30°C after rapid freezing and rapid thawing (G). Arrows indicate heat shock proteins. All samples contained equal amounts of acidprecipitable radioactivity (31,000 dpm). Specific incorporations of radioactivity (106 dpm/mg of spores) in each treatment were 1.65 (A), 1 .55 (B), 0.45 (C), 1 .38 (D), 1.27 (E), 0.05 (F), and 0.57 (G). organisms, we examined the possibility that exposure to cold temperature or freezing and thawing could induce the synthesis of heat shock proteins by N. crassa. Protein synthesis patterns of spores radiolabeled with [35S]methionine at 10 and 0°C and at 30°C following rapid freezing-rapid thawing and rapid freezing-slow thawing are shown in Fig. 2 . Chilling spores to either 10 or 0°C without freezing, or warming chilled spores rapidly from 0 to 30°C (Fig. 3) did not alter the normal pattern of protein synthesis. In contrast, subjecting the spores to freezing and thawing did induce the synthesis of low amounts of the heat shock proteins (Fig. 2) . Spores rapidly frozen and rapidly thawed at 30°C were not severely injured and were able to incorporate more radiolabeled amino acid into proteins (including heat shock proteins) than spores rapidly frozen and slowly thawed at 0°C. Normal protein synthesis was not discontinued during this synthesis of heat shock proteins by spores that were rapidly frozen and thawed.
Our previous study showed that the protection against lethally high temperatures that develops in N. crassa spores during heat shock depends on protein synthesis (26) . Therefore, we tested the possibility that synthesis of heat shock proteins at 45°C also contributed to spore protection against injury caused by freezing stress. Spores that had germinated for 2 h were exposed to 45°C in the presence of cycloheximide to block protein synthesis before immersion in liquid nitrogen. Surprisingly, the protective effect of a prior heat conidiospores that were pulse-labeled with L-[35S]methionine at 30°C immediately after exposure at 0°C (A), 450C (B), 300C after freezing and thawing (C), 300C after exposure to 45°C, followed by freezing and thawing (D), and 30°C after exposure to 450C with cycloheximide, followed by freezing and thawing (E). All samples contained equal amounts of acid-precipitable radioactivity (52,000 dpm). Specific incorporations of radioactivity (106 dpm/mg spores) in each treatment were 1.67 (A), 1.4 shock was not diminished by the presence of cycloheximide (Table 3 ). Colony counts indicate that the survival of spores frozen after a heat shock was similar, regardless of whether cycloheximide was added during the 450C incubation. In contrast, we found that, under identical experimental conditions, induced thermotolerance was reduced more than 90% by the addition of cycloheximide, as determined by the same colony plating assays (26; data not shown). Protection against freezing in these experiments with cycloheximide may not be wholly attributable to the heat treatment, however, since the addition of cycloheximide, in the absence of a heat shock, confers a small increase (two-to threefold) in resistance to freezing injury (Table 3) . Nevertheless, there is no indication that the synthesis of heat shock proteins would increase induced resistance to freezing injury. The addition of a 10-fold-lower concentrat'ion of cycloheximide (15 ,ug/ml) during heat shock did not increase freezing tolerance, although it was as effective as the higher concentration of cycloheximide in increasing the freezing resistance of nonheat-shocked spores (data not shown). The survival of unfrozen spores was not affected by cycloheximide (Table  3) .
Neurospora spores that were exposed to a heat shock in the presence of cycloheximide synthesized large amounts of the heat shock proteins upon reinoculation into cycloheximide-free medium and incubation at 30°C (Fig. 3) . This synthesis was apparent following freezing and thawing of the spores more than 1 h after the heat shock conditions had been removed. Blocking this delayed synthesis of heat shock proteins by the addition of cycloheximide to the resuspension medium for-1 h also did not diminish the resistance against freezing injury conferred by a prior heat shock.
DISCUSSION
When germinating conidiospores of N. crassa were subjected to rapid freezing by immersion in liquid nitrogen and slow thawing on ice, about 90% were killed. Such a regimen of rapid freezing followed by slow thawing injures cells (2, 3, 34) by the formation of intracellular ice (15) . Most of the injury occurs between -20 and 0°C (20) and is caused by recrystallization of ice during thawing (21) . The sensitivity of germinating spores of N. crassa to freezing'injury (8, 15, 34) makes these cells experimentally useful for testing the effectiveness of heat shock in protection against a type of stress other than high temperature.
When germinating spores were given a heat shock (45°C for 1 h) immediately prior to freezing, survival was sharply increased. This increase in survival was demonstrated by germination kinetics, by ability to form colonies on solid nutrient medium, and by dry-weight accumulation during exponential growth. A heat shock given after freezing and thawing, however, decreased cell survival, compounding the injury resulting from freezing and thawing alone. This result contrasts with the activating effect of a brief heat treatment on the frozen spores of Puccinia graminis (18) and indicates that the lack of growth of Neurospora spores following freezing is likely not due to a freezing-induced dormancy, such as occurs in P. graminis (6) . Freezing appears to make the surviving Neurospora cells intolerant of a 45°C heat shock.
Exposure of Neurospora cells to 45°C radically changes the pattern of protein synthesis, resulting in the production of a discrete group of heat shock proteins and the suppression of normal protein synthesis (26) . When germinating Neurospora spores were subjected to freezing stress, protein synthesis was also altered and small amounts of the heat shock proteins were produced upon thawing. This change in protein synthesis was not evident when the cells were merely chilled or chilled and rapidly warmed and suggests that the synthesis of heat shock proteins is dependent on the imposition of a' physical stress or cellular injury. Stresses other than heat shock are known to induce heat shock protein synthesis in other organisms (1, 9, 11, 17, 27, 31) .
Since protein synthesis is required in order for heat shock to protect Neurospora spores against lethally high temperatures (26) , we tested the hypothesis that heat shock proteins also helped to confer the protection against freezing injury. Cycloheximide blocks the synthesis of heat shock proteins by N. crassa at 45°C and prevents the induction of thermotolerance (26) . However, the presence of cycloheximide during heat shock did not diminish the protection heat shock afforded against freezing injury. This surprising result indicates that exposure to high temperature must produce another response, other than synthesis of heat shock proteins, that increases the resistance of cells to freezing injury.
The lack of involvement of heat shock proteins is also indicated by the lability of the heat' shock protection when cells were returned to 30°C before being frozen. The protection against freezing injury was reduced by 15 min and abolished by 30 min of incubation at 30°C. In contrast,'the protection against lethally high temperatures conferred on cells by exposure to heat shock was stable at 30°C for 1 h before decreasing by 60% during each of the next 2 h (26).
Germinating spores of N. crassa that have been rapidly frozen synthesize small amounts of heat shock proteins upon thawing and resuspension in culture medium, and spores that have received a prior heat shock in the presence of cycloheximide synthesize large quantities of these heat shock proteins after the freeze-thaw treatment. The possibility that heat shock proteins perform their protective function after thawing and that the delayed synthesis of heat shock proteins following cycloheximide treatment is sufficient to rescue cells from freezing injury is unlikely, however, since addition of cycloheximide to the post-thaw resuspension medium for'1 h did not alter the protection conferred by a prior heat shock.
Within the first hour of exposure to 45°C, Neurospora cells discontinue synthesis of normal proteins and respiration is severely depressed (26) . It is likely that other metabolic processes also are slowed by this treatment, since the cells grow very slowly during extended exposure to 450C VOL. 167, 1986 (26). It has been reported that freezing sensitivity is a function of metabolic activity (15) , and it is possible that the heat shock protection against freezing injury derives mainly from this induced quiescence.' This possibility is supported by two observations. The heat shock protection against freezing injury declines rapidly between 15 and 30 min of incubation at 30°C; we found earlier that within '30 min after temperature downshift from 45 to 30°C heat shock protein synthesis was discontinued and normal protein synthesis was resumed (26) . Presumably, at this time there is a resumption of normal cellular metabolism as well. In addition, we found in the present study that treatment with cycloheximide itself, before freezing, increased the resistance of'germinating spores to freezing injury. This small increase may be due to the cessation of protein synthesis and interruption of cell metabolism caused by cycloheximide. Exposure to 45°C protects germinating Neurospora spores against extremes of both heat and cold. However, the basis for this protection against the two stresses differs. Resistance to 'high temperature depends on heat shock protein synthesis, whereas the quiescent metabolism induced by a heat shock appears to be sufficient to increase cellular resistance to freezing injury. These two different effects of heat shock, heat shock protein synthesis and interruption of normal metabolism, may protect cells under different conditions, and the relationship between these two responses to thermal stress should be explored. This study also shows that although non-heat-shock stresses, including freezing, may induce the synthesis of heat shock proteins, these proteins may not be useful to the cells during or after exposure to the inducing stress.
